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Chirality in a helimagnetic structure is determined by the sense of magnetic moment rotation.
We found that the chiral information did not disappear even after the phase transition to the high-
temperature ferromagnetic phase in a helimagnet MnP. The 2nd harmonic resistivity ρ2f , which
reflects the breaking down of mirror symmetry, was found to be almost unchanged after heating
the sample above the ferromagnetic transition temperature and cooling it back to the helimagnetic
state. The application of a magnetic field along the easy axis in the ferromagnetic state quenched
the chirality-induced ρ2f . This indicates that the chirality memory effect originated from the ferro-
magnetic domain walls.
Chirality is a lack of mirror symmetry in matter. If
a molecule has chirality, its mirror image is different
from the original structure. In other words, the molecule
has two distinguishable states (enantiomer) with differ-
ent chiralities. In the human body, some molecules, such
as amino acids, are homo-chiral, meaning that they show
only one certain chiral state. In biology, it is impor-
tant to elucidate how chiral information is transferred
and memorized.[1, 2].
Chirality also appears in magnetic structures. One ex-
ample is a helical magnetic structure, in which the or-
dered direction of the magnetic moment spatially rotates
in a plane perpendicular to the propagation vector (Fig.
1 (a)). The sense of rotation is reversed by any mirror
operation and therefore determines the chiral state. Sim-
ilar magnetic chirality shows up in a Bloch-type domain
wall (DW) in ferromagnets (Fig. 1 (a)). The magnetic
moment rotates on the domain wall, and the sense of
rotation is responsible for the chirality, similarly to heli-
magnets. In this paper, we report the transfer of chiral
information from a helical magnetic structure to a fer-
romagnetic DW during a helimagnetic to ferromagnetic
phase transition in an itinerant helimagnet MnP.
Fig. 1(b) shows the phase diagram of MnP[4–12],
which was constructed based on magnetoresistance mea-
surements of a microscale sample (10×20×1 µm3) fabri-
cated for the present study by using the focused ion beam
technique [3]. It is quite similar to that of a bulk sam-
ple reported in a previous study[11]. The ferromagneti-
cally ordered phase (FM1) was stable even at zero mag-
netic field above 60 K, and the magnetic moments aligned
along the c-axis. In this magnetic state, Bloch-type mag-
netic domain walls were observed by Lorentz transmis-
sion electron microscopy[12]. On the other hand, in the
helimagnetic state (HEL), which showed up below 44 K,
the helical plane was normal to the propagation vector
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along the a-axis[7]. The intermediate hatched region in-
dicates the metastable region typical of the first-order
phase transition. When the magnetic field was applied
parallel to the a-axis in the helimagnetic state, the mag-
netic moments were tilted, forming a conical magnetic
state (CON). As the magnetic field increased further be-
fore the magnetic moments became completely aligned
along the a-axis (FM2), there emerged a fan structure
(FAN), in which the magnetic moments were within the
ac plane, and the angle between the magnetic moment
and the propagation vector spatially oscillated along the
propagation vector. In our previous work[13], we con-
trolled the chirality of the helimagnetic structure by the
simultaneous application of a magnetic field and a dc
electric current and probed the controlled chirality by
the nonreciprocal electronic transport, which is the field
asymmetric component of 2nd harmonic resistivity[14–
17]. The controlled chirality was shown to be dependent
on whether the applied magnetic field and the dc elec-
tric current are parallel or antiparallel to each other. In
this paper, we show how the controlled chirality in the
helimagnetic state was preserved or disappeared in the
high-temperature ferromagnetic state.
To reveal how the chirality information is affected by
external stimuli in the course of phase transitions, we
show the field-asymmetric 2nd harmonic resistivity after
the simultaneous application of a magnetic field and a dc
electric current in the course of FAN-to-CON and FM1-
to-CON phase transitions. For the FAN-to-CON transi-
tion, we applied a dc electric current jp parallel or an-
tiparallel to the magnetic field Hp along the propagation
vector (a-axis) when the FAN-to-CON transition field
was traversed. The magnitude of µ0Hp was slowly de-
creased from 7 T to 4 T at a rate of 0.6 Tmin−1. Then, we
removed the dc electric current jp. We call the series of
these processes the “H-poling procedure”(Fig. 1 (b)). In
our previous paper[13], we performed the H-poling pro-
cedure at 51 K and measured the 2nd harmonic resistivity
to show the chirality control. Here we performed the H-
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FIG. 1. (a) Illustrations of helical magnetic structures and Bloch-type ferromagnetic domain walls. γ = ± denotes the chirality.
(b) The phase diagram of a micro-fabricated MnP sample for H ||a. The dots are the phase boundaries estimated by the
magnetic field dependence of the electrical resistivity[3]. The dashed and solid lines are guides for the eyes. In the hatched
region, the realized magnetic structure depends on the hysteresis. The arrows illustrate the H-poling, T -poling and annealing
procedures (see main text).
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FIG. 2. (a)-(d) Magnetic field dependence of ρ2fasym = (ρ
2f(H)
− ρ2f(−H))/2 at 52 K after the H-poling procedure per-
formed at (a) Tp = 11 K, (b) 22 K, (c) 30 K and (d) 52
K with dc electric currents jp parallel to and anti-parallel to
magnetic fields Hp. The magnitude of jp was 4.2×10
8 Am−2
at 11 K and 8.5 × 108 Am−2 at 22 K, 30 K and 52 K. The
magnitude of ac electric current for measuring the 2nd har-
monic resistivity jac was 5.9 × 10
8 Am−2. (e)-(h) Magnetic
field dependence of ρ2fasym at 52 K after the T -poling proce-
dure at (e) µ0Hp = 1 T, (f) 2 T, (g) 3 T and (h) 4 T with
jp ‖ Hp and jp ‖ −Hp. The magnitudes of jp and jac were
8.5× 108 Am−2 and 5.9× 108 Am−2, respectively.
poling procedure at various temperatures and measured
the 2nd harmonic resistivity at the same temperature,
52 K. Figures 2 (a)-(d) show the asymmetric compo-
nent of the 2nd harmonic resistivity ρ2fasym = (ρ
2f(H) −
ρ2f(−H))/2 at 52 K after the H-poling at various tem-
peratures Tp. Here ρ
2f is the observed 2nd harmonic re-
sistivity. As discussed in the previous paper[13], ρ2fasym is
sensitive to the breaking of chiral symmetry, whereas the
symmetric component seems to be due to sample nonuni-
formity and/or electrode contact. Notable ρ2fasym was dis-
cerned for all the poling conditions. The signal was re-
versed by the reversal of the dc poling electric current.
These features indicate that the chirality is effectively
controlled by the application of the electric current and
the magnetic field in the course of the FAN-CON transi-
tion, irrespective of temperature.
While the FAN-CON transition is a second-order phase
transition, the FM1-CON transition is a first order one.
For this reason, the chirality responses in the course of
these phase transitions were quite different. We tried to
control the chirality by a similar poling procedure via the
FM1-CON transition (Fig. 1 (b)). We applied jp parallel
or antiparallel to Hp along the a-axis when the transition
temperature was traversed. The temperature was slowly
decreased from 80 K to 30 K at a rate of 0.5 Kmin−1
with a constant magnitude of Hp. Then, we removed
jp. We call the series of these processes the “T -poling
procedure”. Figures 2 (e)-(h) show ρ2fasym at 52 K after
T -poling procedures at various Hp. The magnitude was
much smaller than the case of the H-poling. It should
be noted that the signal was not reproducible[3]. These
features indicate that the T -poling is not effective for
chirality control.
Thus, the chirality was insensitive to the external stim-
uli when traversing the first-order FM1-CON transition.
We also found that the chiral information was preserved
through this phase transition at zero magnetic field, as
shown below. In Figs. 3 (a) and (b), we show ρ2fasym just
after the H-poling and after the H-poling and the sub-
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FIG. 3. (a), (b) Magnetic field dependence of ρ2fasym at 52 K at the initial state (just after H-poling, circles), that after annealing
at 80 K (triangles), and that after annealing at 80 K and application of 1 T magnetic field along the c-axis (squares). The
initial ρ2fasym was positive (jp ‖ Hp) and negative (jp ‖ −Hp) in (a) and (b), respectively.
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FIG. 4. (a) Magnetic field dependence of the resistivity ρ at
80 K. The magnetic field was parallel to the magnetic easy
axis (c-axis). Circles represent the data measured just after a
phase transition from the helical to the ferromagnetic phase at
0 T. Triangles and squares represent the resistivity measured
while decreasing the magnetic field from 1 T to -1 T and while
increasing the magnetic field from -1 T to 1 T, respectively.
(b) ρ2fasym at 0.2 T measured after annealing and application of
magnetic field Hc80K normalized by that before the annealing
process (ρ2fasym0) plotted against µ0H
c
80K. The magnetic field
Hc80K was applied along the c-axis at 80 K. The error bar is
the standard deviation of ρ2fasym/ρ
2f
asym0 for the µ0H
c
80K = 1 T
data (Fig. 3 (b) squares), which is assumed to vanish.
sequent annealing process (heating up to 80 K, cooing
down to 30 K, and going back to the original measuring
temperature of 52 K, as shown in Fig. 1 (b)). The ρ2fasym
signal was almost unchanged even after the annealing
process, irrespective of the sign of ρ2fasym. This obser-
vation suggests that the chiral information is preserved
even in the FM1 phase at zero field. Then, the question
is how the chiral information is preserved in the collinear
ferromagnet. This can be answered by considering the
effect of magnetic field application along the magnetic
easy axis (c-axis) at 80 K. After heating the sample up
to 80 K, we rotated the sample device in the supercon-
ducting magnet and applied a magnetic field µ0H
c
80K as
large as 1 T along the c-axis. Then, we decreased the
temperature to 30 K at 0 T and increased it again to the
original measuring temperature of 52 K. Figures 3 (a)
and (b) also show ρ2fasym at 52 K after this annealing pro-
cess with the application of a magnetic field Hc80K. It is
clear from this figure that the ρ2fasym signal was quenched
by the application of Hc80K. This result implies that it is
the ferromagnetic domain walls that memorize the chiral
information.
To confirm the chirality memory effect of the ferro-
magnetic domain walls, we investigated the Hc80K depen-
dence of ρ2fasym. We measured ρ
2f
asym just after H-poling
and after H-poling and the subsequent annealing process
with the application of various magnetic fields Hc80K. In
Fig. 4(b), we plot ρ2fasym measured after the annealing
process normalized by that before the annealing process
(ρ2fasym0) as a function of H
c
80K, compared with the linear
resistivity in magnetic fields parallel to the c-axis. The
linear resistivity showed hysteretic behavior. The initial
state of the measurement was zero magnetic field just
after heating from the helimagnetic state. The resistiv-
ity was relatively large at the initial state and decreased
with the magnetic field (circles). After the application
of a large magnetic field, the resistivity showed a but-
terfly type hysteresis loop (triangles and squares) and
was smaller than the initial resistivity. These features
indicate that the magnetic domain walls present at the
initial state increased the resistivity, which disappeared
above 0.4 T. Importantly, ρ2fasym/ρ
2f
asym0 was quenched at
almost the same magnetic field as shown in Fig. 4 (b).
This strongly supports the scenario that the magnetic do-
main walls memorized the chiral information in the FM1
4phase.
In conclusion, we have demonstrated a chirality mem-
ory effect of ferromagnetic domain walls. The chiral-
ity of the helical magnetic structure is preserved even
after annealing in the high-temperature ferromagnetic
state at zero field. The origin of this memory effect is
ascribed to the Bloch-type domain walls in the ferro-
magnetic state. Previously, similar memory effects have
been observed in multiferroic helimagnets[18–25]. Some
of these effects are suggested to be caused by the so-called
polar nanoregion[18–21]. In other cases, the charge de-
gree of freedom seems to be responsible for the memory
effect[22–24]. Beilsten-Edmands et al. speculated, based
on Monte Carlo simulation, that the antiferromagentic
domain wall is responsible for the memory effect in the
case of CuFeO2[25]. The present result unambiguously
shows, based on the experimental result of magnetic field
application along the easy axis, that the Bloch-type do-
main walls are responsible for the memory effect in the
case of MnP. This suggests that the magnetic domain
walls work as small chiral nuclei in the nonchiral phase,
which are important in determining the chirality after
the first order nonchiral-chiral phase transition.
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2I. AN IMAGE OF SCANNING ELECTRON MICROSCOPY, AND TEMPERATURE AND MAGNETIC
DEPENDENCES OF LINEAR RESISTIVITY FOR THE PRESENT MNP SAMPLE.
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FIG. 1. (a) Scanning electron microscopy image of the micro-fabricated MnP sample. (b) Temperature dependence of the
resistivity for the present MnP sample fabricated by using a focused ion beam. The resistivity of our previous sample is
reproduced for comparison[1]. The inset shows the history dependence of resistivity around the helical–ferromagnetic phase
boundary.
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FIG. 2. Magnetic field dependence of the linear electrical resistivity at various temperatures. The hystereses were measured
between 44 K and 60 K. Before the measurement in this temperature region, the temperature was increased to 80 K and then
decreased to the measured temperature in the absence of a magnetic field. The red data shows the resistivity measured in the
field-increasing process just after the zero-field cooling. The blue curves are the data for the field-decreasing process. Symbols
indicate the metamagnetic transition fields shown in Fig. 1 (b) in the main text. Triangles, hexagons, pentagons, rhombuses,
and stars represent FAN-to-CON, FM1-to-CON, FM2-to-FAN, FAN-to-FM1, and FM2-to-FM1 phase transitions, respectively.
All the data are quite similar to those shown in the supplemental material of ref. 1.
3II. ρ2fasym SIGNAL AFTER VARIOUS H-POLING PROCEDURES.
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FIG. 3. (a)-(d) Magnetic field dependence of ρ2fasym after theH-poling procedure at 52 K with the positive and negative magnetic
fields Hp and dc electric currents jp. The magnitudes of jp and ac electric current for the measurement jac were 8.5 × 10
8
Am−2 and 5.9× 108 Am−2, respectively. The sign of ρ2fasym depended on whether Hp and jp were parallel or antiparallel, which
is consistent with our previous paper. While we only show the result of two conditions in main text, all the four conditions are
shown here.
4III. LACK OF REPRODUCIBILITY FOR THE ρ2fasym SIGNAL JUST AFTER THE T -POLING.
We found that the ρ2fasym signal after the T -poling was not reproducible. In Fig. 4, we show three observed signals
of ρ2fasym measured with the same condition; they were observed just after the T -poling procedure at µ0Hp = 1 T for
jp ‖ −Hp. While 1st and 2nd data are similar to each other, the 3rd data is quite different from the other two.
-1
-4
-2
 1st
 2nd
 3rd
2
f  
(n
 c
m
)
 (T)
=1 T
<0
-1 0 1
-4
-2
0
2
4
r
2
f a
s
y
m
 a
t 
5
2
 K
 (
n
W
 c
m
)
m0H (T)
 1st
 2nd
 3rd
m0Hp = 1 T
jp || -Hp
FIG. 4. Three ρ2fasym data measured with the same condition. They were observed just after the T -poling procedure with
jp ‖ −Hp. The magnitudes of µ0Hp and jac were 1 T and 5.9× 10
8 Am−2, respectively.
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